Adult and kit male and female natural dark ranch mink (Mustela vison) were fed a conventional diet supplemented with 0, 500, 1,000, or 1,500 ppm zinc, as ZnSO 4 ·7H 2 O, for 144 days. No marked adverse effects were observed in feed consumption, body weight gains, hematologic parameters, fur quality, or survival. Zinc concentrations in liver, kidney, and pancreas of the mink increased in direct proportion to the zinc content of the diet. Histopathologic examination of the livers, kidneys, and pancreata revealed no lesions indicative of zinc toxicosis. The results indicate that mink can tolerate at least 1,500 ppm dietary zinc, as ZnSO 4 =7H 2 O, for several months without apparent adverse effects.
Zinc (Zn) is an essential element required by animals and humans for the normal functioning of numerous biological processes. 30 Over 70 metalloenzymes are known to require Zn for normal activity, 13 including carbonic dehydrogenase, carboxypeptidase, alcohol dehydrogenase, glutamic dehydrogenase, lactic dehydrogenase, and alkaline phosphatase. 2 Most studies dealing with abnormal Zn metabolism in animals have been concerned with a deficiency of this element; few investigations have reported on the effects of dietary exposure to high concentrations of Zn.
A study of Zn toxicity in the European ferret, a close relative of the mink, has shown that ferrets are more susceptible to high concentrations of dietary Zn than are most other species. 28 Recent reports by producers and veterinarians of suspected Zn toxicity suggest that mink may also be quite sensitive to this element (unpublished data, Michigan State University Animal Health Diagnostic Laboratory). A previous study conducted at the Michigan State University fur farm focused on the effects of excessive dietary Zn on the intrauterine and postnatal development of mink kits natural dark mink were used in the experiment. Following immunization against canine distemper, virus enteritis, botulism, and hemorrhagic pneumonia on July 7, 1989, the mink were randomly allocated into 4 groups, consisting of 3 male and 3 female kits and 3 male and 3 female adults per group (Table 1) . Littermates were not assigned to the same group. Animals were housed in an open-sided shed in plasticcoated wire cages (76 cm L x 61 cm W x 46 cm H) suspended above the ground with attached wooden nest boxes. Routine commercial mink farm procedures were followed in caring for the animals. The mink were acclimated to the cages for 10 days prior to the initiation of the feeding trial on July 17, 1989 .
The composition a and nutrient analysis b of the basal diet are shown in Table 2 . The Zn, as ZnSO 4 . 7H 2 O, c was dissolved in water prior to its incorporation into the experimental diets. The element concentrations in the diets and drinking water are presented in Table 3 . The experimental diets, as shown in Table 1 , and water were provided ad libitum on steel feed grills and in aluminum water cups, respectively.
Body weights and feed consumption (for 2 consecutive days) were measured every 2 wk. Blood samples were collected from the animals (under ketamine HCl d anesthesia) (young mink), with emphasis on immunocompetence. 4 via the jugular vein or by heart puncture at the start of the However, the toxicity of dietary Zn to weaned kits and study and at monthly intervals thereafter for determination adult mink was not addressed; thus, the present study of hemoglobin concentration, percent hematocrit, and red was conducted to determine and characterize dietary and white blood cell counts. At the termination of the study Zn toxicity in these age groups.
on December 8, 1989 (144 days), differential leukocyte counts were made on blood smears from mink in groups 1 and 4.
Materials and methods
During the last 2 mo of the study, blood samples for deter-Twenty-four (12 male and 12 female) weaned (10-12-wk-mination of hematologic parameters were collected via heart old) kits and 24 (12 male and 12 female) adult (> 1-yr-old) puncture rather than from the jugular vein. Unexpected mortality occurred in several of the groups following the blood collection process. Initially, it was thought that the supple- Mink that died during the study were necropsied and their organs (liver, kidney, spleen, and adrenal glands) weighed. Samples of liver, kidney, and pancreas were collected for element analysis. At the termination of the trial, the surviving mink were euthanized (CO, gas), necropsied, and their organ weights recorded. Samples of liver, kidney, and pancreas were taken for element analysis and for histopathologic examination. Tissue samples for histopathology were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned at 6 µm, and stained with hematoxylin and eosin. Pelts from the euthanized mink were graded for fur color. varied considerably over time, but no distinct trends in feed intake could be attributed to the Zn content of the diets. In general, feed consumption in all groups increased until September then decreased during the duration of the study. The fluctuations in consumption may have been due to a decrease in nutrient requirements related to a slowing of growth rate.
Body weight gains of the mink fed the various concentrations of Zn did not differ significantly between groups of the same age and sex or show any trends that could be attributed to the Zn concentration of the diets. There was no correlation between the concentration of Zn in the diet and the color (darkness) of the fur.
Hematologic values for the mink fed the experi-
The tissue, diet, and water samples were prepared for multielemental analysis by inductively coupled plasma atomic emission spectroscopy e (ICP) as previously described? The samples were analyzed for aluminum (Al), arsenic (As), boron (B), barium (Ba), calcium (Ca), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), iron (Fe), mercury (Hg), potassium (K), magnesium (Mg), manganese (Mn), molybdenum (MO), sodium (Na), phosphorus (P), lead (Pb), antimony (Sb), selenium (Se), thallium (Tl), and zinc (Zn).
The data were analyzed by analysis of variance. Significant differences (P < 0.05) between means of the Zn-supplemented groups and the controls were determined by Dunnett's test. 16 Table 3 . Element concentrations (ppm) of experimental diets (as fed) and drinking water given to mink.
Results
Analysis of the basal (dietary group 1) and Zn-supplemented diets (dietary groups 2, 3, and 4) yielded Zn concentrations of 40.1, 553, 1,060, and 1,570 ppm (as fed), respectively (Table 3 ). The Cu and Fe content of the diets varied from 3:17 to 4.96 ppm Cu and from 72.7 to 90.6 ppm Fe. The pH f of the basal diet was 5 2 . . Mean feed and Zn consumption by the mink are shown in Table 4 . Feed consumption in all groups 14, 25 Organ (liver, kidney, spleen, and adrenal glands) weights, recorded at necropsy and expressed as a percentage of body weight, were not significantly different among animals fed different dietary treatments for mink of the same age and sex.
None of the mortalities that occurred during the 144day feeding trial were attributed to Zn toxicity or a Zninduced Cu deficiency due to competitive absorption 8, 19 Necropsy of the mink that died during the study (1 each from groups 1, 2, and 3 and 5 from group 4) indicated that the probable cause of death was cardiac hemorrhage due to the heart punctures. However, based on the results of the blood clotting profiles, 1,500 ppm supplemental Zn did not interfere with normal blood clotting. Mean prothrombin time and activated partial thromboplastin time for 3 mink from group 1 (0 ppm Zn) and 2 from group 4 (1,500 ppm Zn) were 10.3 and 11.2, and 9.6 and 10.9 seconds, respectively.
Element concentrations in livers, kidneys, and pancreata collected from mink that died during the latter stages of the study or from those killed at the end of the study are summarized in Table 5 . Hepatic Zn con-centrations were significantly increased only in the kits fed supplemental Zn, although the greatest hepatic Zn concentrations were observed in the adults fed 1,500 ppm supplemental Zn (see Table 5 ). The Zn concentrations in these adults were double the levels found in livers of kits fed the same diet and approximately 4 times the concentrations in the adult controls. Renal Zn concentrations were not significantly influenced by the Zn content of the diet, except in the female kits fed 1,500 ppm supplemental Zn. The renal Zn concentrations of the adults were, however, quite variable and about 5 times higher than in the controls (Table  5 ). Zinc concentrations in the pancreata increased in both kits and adults in direct proportion to the dietary Zn levels. Mink fed 1,500 ppm supplemental Zn had pancreatic Zn concentrations approximately triple the concentrations of the controls, but only the pancreatic Zn concentration of the adult females was significantly greater than their control (Table 5) . Copper, Fe, and other element concentrations in liver, kidney, and pancreas were not significantly affected by increased Zn concentrations in the diet, except for the hepatic Cu concentration in male kits fed 1,500 ppm supplemental Zn Histologic examination of livers, kidneys, and pancreata from the mink fed the various Zn-supplemented diets revealed no lesions indicative of Zn toxicity or a deficiency of Cu or Fe. Some mink in all groups showed mild to moderate hepatocellular vacuolar changes. No other consistent histopathologic lesions were observed.
Discussion
Although Zn is generally considered to be relatively nontoxic to animals, 17, 20 Zn poisoning has been reported in numerous species. 1, 7, 13, 17, 29 Zinc toxicities and deficiencies are frequently complicated by the antagonistic relationship between Zn, Cu, and Fe. 30 The basal diet fed to the control mink (group 1) in this study contained 113 ppm Zn on a dry matter basis (40.1 ppm as fed), which was about twice the 59 ppm level suggested for growing mink. 32 Suggested ranges for Cu and Fe in mink diets, as fed, are 4.5-6.0 ppm Cu and 60-88 ppm Fe. 23 The diets fed in this study contained from 3.17 to 4.96 ppm Cu and from 72.7 to 90.6 ppm Fe. Conventional mink diets, however, appear to vary widely in the concentrations of Zn, Cu, and Fe, suggesting that mink can tolerate wide ranges in these elements. Ranges for these elements in conventional (wet) mink diets of 5-34 ppm Cu, 27-60 ppm Zn, and 75-203 ppm Fe have been reported by the Danish Fur Breeders Association. 5 High (330 ppm) Zn levels in mink feed did not alter body weights, hemoglobin, hematocrit, mean corpuscular hemoglobin concentration, total protein, alanine aminotransferase, aspartate aminotransferase, or al- Table 5 . Concentration (ppm) of copper, iron, and zinc in livers, kidneys, and pancreata of mink fed various levels of supplemental zinc.* kaline phosphatase levels. 5 The results of this study, involving measurements of feed consumption, body weight gains, fur color, hematologic parameters, and gross necropsy and histopathologic observations indicate that mink can tolerate considerably >300 ppm dietary Zn. Feeding growing mink conventional diets containing up to 1,500 ppm supplemental Zn, as ZnSO 4 . 7H 2 O, for 144 days produced no apparent adverse effects. Clinical signs indicative of Zn toxicity or Cu or Fe deficiency were not observed in any of the mink. Achromatrichia, alopecia, lymphopenia, and reduced growth in young mink produced by females fed a conventional diet that contained 1,000 ppm supplemental Zn (as ZnSO 4 ·7H 2 O) have been reported, but no clinical signs of toxicity were observed in the adult animals. 4 Diets containing 1,000 ppm Zn have been fed to swine without harmful effects, but 2,000 ppm Zn in the diet resulted in growth depression, enteritis, arthritis, gastritis, and hemorrhage in the axillary spaces. 12 In the dog clinical signs of Zn toxicity included anorexia, vomiting, diarrhea, and depression. 7,24 European ferrets (a close relative of the mink) showed marked decreases in feed consumption and body weights within 2 weeks when fed diets supplemented with 1,500 ppm Zn, as ZnO, suggesting that ferrets are considerably more sensitive to dietary Zn than mink. 28 be more available to the pig than Zn from ZnO. Feed grade ZnO provided less bioavailable Zn in chick bioassays than feed grade ZnSO 4 ·H 2 O. 31 To our knowl-The bioavailability and/or rate of absorption of Zn compounds may vary considerably depending on the animal's body weight, Zn status and chemical structure, and the dietary concentration of other metals and phytate. 7, 13 In oral LD 50 tests, zinc acetate dihydrate and zinc nitrate hexahydrate were about 2.5 and 2 times more toxic to rats, respectively, than zinc sulfate dihydrate, 13 which is similar to the ZnSO 4 ·7H 2 O used in our mink study. ZnO, ZnCO 3 , and ZnSO 4 have been reported to be equally available to the pig, 12 although another report 18 indicates that Zn from ZnCO 3 may comparable age and sex fed a similar diet in one of our previous studies. 27 The increases in hepatic, renal, and pancreatic Zn concentrations with increased dietary Zn levels (Table 5) are consistent with numerous reports in the literature. 10, 11, 15, [20] [21] [22] 26 Zinc begins to accumulate in rat livers at dietary concentrations of 1,000 ppm or more, 9 as was noted in this study. The hepatic and renal Zn concentrations of ferrets suspected of dying from Zn poisoning ranged from 203 to 881 ppm and 785 to 943 ppm (dry weight), respectively. 29 These values are considerably greater than the Zn concentrations observed in comparable tissues from mink fed Zn-supplemented diets in this study (Table 5 ). Decreases in hepatic and/or renal Cu and/or Fe concentrations with high dietary Zn levels, as reported for rats, 11, 21, 22, 26 swine, 10 and ferrets, 28 were not observed in the mink, suggesting that the Zn-supplemented diets contained sufficient Cu and Fe to negate any evidence of antagonism between these elements.
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The pathologic lesions in ferrets that died from ingestion of diets supplemented with 1,500 or 3,000 ppm Zn (as ZnO) included nephrosis, intestinal hemorrhages, and macrocytic hypochromic anemia. 28 None of these pathologic findings were observed in the mink fed up to 1,500 ppm supplemental Zn, nor were any other renal, hepatic, or pancreatic lesions indicative of Zn toxicity found in the mink. The hepatic and renal concentrations of Zn, Fe, and Cu in the adult and kit mink fed the basal diet (group 1) were comparable to the hepatic and renal concentrations reported for "normal" natural dark mink of 
